Photodriven molecular switches are sometimes hindered in their performance by forming byproducts which act as dead ends in sequences of switching cycles, leading to rapid fatigue effects. Understanding the reaction pathways to unwanted byproducts is a prerequisite for preventing them. This article presents a study of the photochemical reaction pathways for byproduct formation in the photochromic switch 1,2-bis-(3-thienyl)-ethene. Specifically, using single-and multi-reference methods the post-deexcitation reaction towards the byproduct in the electronic ground state S 0 when starting from the S 1 -S 0 conical intersection (CoIn), is considered in detail. We find an unusual low-energy pathway, which offers the possibility for the formation of a dyotropic byproduct. Several high-energy pathways can be excluded with high probability.
Introduction
Molecular photoswitches are compounds which are capable of a reversible change in their molecular structure between at least two structures upon external photostimulation. The isomers must exhibit different absorption spectra to facilitate the selective isomerization of one or the other form. 1 For a plethora of molecules that fit this minimal requirement, highly desired secondary properties are thermal stability of the switched states, fatigue resistance, rapid response, and high sensitivity. Depending on their specific properties, photoswitches show potential as components for example in optical memory media or optically switchable, electronic devices. Diarylethene derivatives are quite auspicious systems for these applications. 2 Dithienylethenes are a very well studied subclass of these, as the low energy difference between the photoactive open-ring and closed-ring conformation (see Fig. 1 ) is quite favorable. [3] [4] [5] In the system under study in this article for example the open-ring structure is only roughly 17 kJ mol À1 more stable on UMP2/6-31G(d) level than the closed structure. As a consequence, open-ring and closed-ring structures are separated by comparatively large barriers, 6 guaranteeing high thermal stability of all photoactive isomers. At the same time the energy difference of the Franck-Condon points on the S 1 state is very large and thus facilitates the selective excitation of the isomers. During the optical switching process the barrier is surpassed either from the open form by photocyclization upon irradiation with ultra-violet (UV) light, or from the closed form by cycloreversion (ring-opening) upon irradiation with visible (Vis) light as indicated in Fig. 1 . Despite the excellent properties of diarylethenes the formation of a byproduct remains a problem. The byproduct, also shown in Fig. 1 , acts as a dead end in photoswitching and therefore leads to fatigue of the switch. The formation and the identity of this kind of byproduct was shown experimentally in ref. [7] [8] [9] . For this reason a major concern of recent and ongoing research is the understanding and suppression of byproduct formation via dyotropic rearrangement, with the goal to increase the fatigue resistance of diarylethenes. 10, 11 The first mechanistic ideas were based upon theoretical studies by Celani et al. 12 who suggest for a simpler system, cyclohexadiene (closed)/hexatriene (open), a two-step mechanism. Accordingly, one first photoexcites the closed-ring structure and then the system is funneled towards the S 1 /S 0 conical intersection (CoIn). From there a path leading via an initial C 2 -C 2 0 bond elongation to a significant C 1 -C 2 0 bond length decrease can be followed, creating a triangular CoIn which is well-known from related molecules. 13, 14 Since a C 1 -C 2 0 bond needs to be formed in the byproduct of diarylethenes (cf. Fig. 1 ), this supports the idea of the closed-ring structure being the most probable starting point for byproduct formation. In order to overcome the flaw of byproduct formation, multiple modifications of the basic dithienylethene molecular body have experimentally been realized. Irie et al. suggested that methyl substituents at C 4 and C 4 0 suppress rearrangement. Other substituents, preferably with p-conjugation, in these positions can also be beneficial. [15] [16] [17] Irie et al. also suggested the methylation of the C 2 and C 2 0 positions (see Fig. 1 ) which yields a significant increase of stability. 6 Nevertheless this modification is often left out in theoretical models. [18] [19] [20] Finally, another successful modification is the variation of the ethene-like bridging unit, replacing it by groups like maleic anhydride, 21 perfluoro-cycloalkenes 22 or cyclopentenes, 15, 17 or replacing the hydrogens with cyano groups. 23 Especially cyclopentenes
and their fluorinated counterparts are intensively synthesized and studied nowadays as this structural moiety supports the planarity of the structure and thus prevents the already rather slow unintended process of thermal cycloreversion. In addition the lone electron pairs of the flourine atoms extend the p-conjugation of the system even further. 22 On the basis of time-dependent density functional theory, Hania et al. 15 identified the S 4 state, also labeled 2B according to 20 studied the reaction pathways for various diarylethenes toward the byproduct focusing on the excited states, using multi-reference methods. They proposed that the key for photochemical formation of the byproduct is the non-adiabatic decay from the excited state to the ground state at a geometry between closed-ring and that of the byproduct. As the closed-ring structure faces barriers on the excited state surface in the direction of cycloreversion as well as for C 2 -S (C 2 0 -S 0 ) bond breaking, both reactions (formation of byproduct and re-formation of the closed form) seem possible. Detailed investigations of the fate of the molecule after returning to the ground state were not provided in ref. 20 , however. Our article complements the research done in ref. 24 and 20, by thoroughly exploring a thus far not further characterized plateau region on the ground state potential energy surface near the S 0 /S 1 CoIn. The accessibility and topology of this region may play a decisive role for the photochemical formation of the byproduct. The point where our findings fit into the current state of research is indicated schematically in Fig. 3 . Our paper aims to study in detail the photoinduced byproduct formation in diarylethenes, in particular its ground state part, i.e., after the system has passed the S 1 /S 0 CoIn, or ''photochemical funnel''. Using single-and multi-reference methods, a structure similar to the mentioned MCPD molecule was found, which can play the role of a first intermediate on S 0 towards (by)-products, after the S 1 /S 0 CoIn has been reached from higher states. Further, several other local minima and transition states were identified between this first intermediate and the final products. More and less likely pathways are revealed, including those along a BCH-like structure. All of this is done for 1,2-bis-(3-thienyl)-ethene, whose moderate size allows us to use accurate quantum chemical methods and which serves as a natural starting point to study fatigue of an ''unprotected'' diarylethene. Thereby, our work will fill in the more complex ground state connection between the CoIn seam the byproduct and cyclic isomer, for the system under study and the method used, and refine what is called a thermal pathway in ref. 24 . This can be considered as a starting point which we intend to expand on more complex molecules in future studies to understand in detail the reasons for the increased stability induced by more complex substitution patterns.
The article is organized as follows: Section 2 will focus on the computational methods. In Section 3 our investigation of the reaction pathway itself will be laid out in detail with emphasis on the reaction steps leading to the byproduct formation. Section 4 will summarize our work and its implications for the understanding of the dithienylethenes, and suggest future investigations.
Computational approach
To characterize special points of interest on the ground state (S 0 ) PES of dithienylethene such as CoIns, transition states, and (local) minima, methods of increasing sophistication were adopted. First, ground state minima were calculated with Unrestricted Møller-Plesset perturbation theory of second order (UMP2) with the 6-31G 25 and 6-31G(d) 26 basis sets, using the GAUSSIAN 09 package. 27 Based upon these results the first ten electronic states were calculated with the state-averaged CASSCF approach, 28 including ten active electrons in ten active orbitals, abbreviated as SA-10-CASSCF (10, 10) , with the MOLPRO 2012 package. 29, 30 The active space was chosen such that it includes as many (p,p*) orbitals as possible. For the open-ring isomer this yielded ten (p,p*) orbitals while for the closed-ring species the active space was composed of ten (p,p*) orbitals supplemented by two (s,s*) orbitals. The active s orbitals were chosen in a way that they form the C 2 -C 2 0 bond which is built during cyclization.
Additional calculations with larger active spaces and more active electrons yielded no additional information and no significant change in relative energies. This was done to get a rough overview of low-lying electronic states and orbital contributions. 31 on CASSCF(10,10)/6-31G and CASSCF(10,10)/6-31G(d) levels.
The local minima and transition states were pre-optimized on the UMP2/6-31G(d) level. For the localization of the transition states the Quasi Synchronous Transit method 32 with three input geometries (QST3) was used. They were verified by intrinsic reaction coordinate (IRC) calculations. 33 Several structures along the path exhibit a significant multiconfigurational character (see ESI † for details), thus the resulting geometries were refined by single-state (SS) CASSCF calculations on the CASSCF(10,10)/ 6-31G(d) level. For all CASSCF-optimized structures the energies were finally refined by single-point energy calculations with the computationally demanding CASPT2(10,10)/6-31G(d) method, i.e., multi-reference perturbation theory to the second order on a CASSCF(10,10) reference wave function, as implemented in MOLPRO 2012. 34 We finally stress that all structures below exhibit singlet electronic wavefunctions.
Results

Photochemical preparation of an initial, reactive intermediate
In what follows, we shall characterize stationary points on the S 0 PES, leading from the S 1 /S 0 CoIn all the way to the byproduct, and also (back) to the closed-ring form of the molecule. Of course, there is also a (direct) pathway to the open form, however, the latter is of no concern in this work. As outlined above in the photochemical process we assume, also in line with previous theory, that first a photoexcitation of the closed-ring molecule took place, followed by excited-state relaxation towards the S 1 /S 0 CoIn from where the molecule will react further in the ground state. In order to estimate photoreactivity (e.g., towards the byproduct), it will be interesting to identify barrier heights for transitions between local minima on S 0 , and compare them to the energy of the S 1 /S 0 CoIn, which is a valid starting point for analysis. Local minima act in addition as possible intermediate traps if vibrational relaxation is very efficient. Thus, stationary points on S 0 (minima and transition states) are of great interest also for photochemistry. It should be said, however, that in this stationary, non-dynamical picture we can not reliably make any statements about product distributions. Also, in a dynamical process obviously the molecule will reach the ground state not only precisely at the CoIn, but rather in an extended region around it. However, in the following we map a large portion of the ground state potential energy landscape, so it is likely that molecules that cross over to S 0 somewhat displaced from the S 1 /S 0 CoIn will still end up on the reaction surface we propose.
The S 1 /S 0 CoIn, optimized on the SA-2-CASSCF(10,10)/ 6-31G(d) level of theory, is shown in Fig. 4(a) . Detailed geometries are given in the ESI. † Both ''wanted'' directions of the photoreaction, ring-opening and cyclization, are strongly coupled to the C 2 -C 2 0 distance. We carried out extensive MEP searches in order to see if such a structure exists. Starting from the S 1 /S 0 CoIn a CASSCF(10,10)/ 6-31G calculation, later reoptimized with CASSCF(10,10)/6-31G(d) gave a stable species with the structure depicted in Fig. 4(b) . It contains indeed, an intact C 1 -C 2 0 bond with a distance of 1.513 Å, however, it is not the biradical as postulated in ref. 24 and shown in Fig. 2 , left. Rather, a three-membered ring is formed by pairing (compared to Fig. 2 ) two unpaired electronssee also Fig. 5 below. We shall see shortly that this molecule is a low-energy species. Therefore we have evidence for the accessibility of a C5-ring intermediate close to the CoIn, similar (but not identical to) MCPD. In the following, we shall denote this intermediate also as species 1.
Stationary points on the ground state potential energy surface
We now consider possible reaction pathways, starting from structure 1. Comparing the local minimum structure 1 with the byproduct 5 shows that the former consists of three five-membered rings and the byproduct of one five-membered ring and two sixmembered rings which have a C-C bond in common (cf. Fig. 5 ). Obviously, there is no way to yield the byproduct without breaking and reforming C-C bonds. By basic reasoning the pathway that requires the least number of bonds to be simultaneously broken, can be expected to be the most likely. Nevertheless, other possible pathways were investigated too.
In order to achieve the relevant atomic rearrangements, the C 1 -C 2 bond of one 5-ring of 1 and the C 2 -S bond of the other 5-ring have to be cleaved. This opens up two possible branches in the reaction path, depending on which bond is cleaved first (a concerted path could not be found in our study). The first path, shown as the right branch in Fig. 5 , begins with breaking the C 1 -C 2 bond leading to structure 2a, which is a reactive intermediate with an almost planar structure, and, based on investigation of the molecular orbitals and the electron density, a lone pair at C 2 . Cleaving the C 2 0 -S 0 bond then yields compound 3 in Fig. 5 , which is also a minimum structure, formally still with a lone pair at C 2 , based on an inspection of molecular orbitals and electron density as above. From structure 3, a biradical 4 can be formed by making a C 2 -C 2 0 bond. Note that there is also a direct path from 2a to 4, without the detour via 3. Along this latter route the carbon lone pair of C 2 attacks C 2 0 forming the C 2 -C 2 0 bond, and cleaving the C 2 0 -S 0 bond in the sense of an S N 2 reaction. Finally, the two unpaired electrons of compound 4 (which way ever formed), can pair in a new bond and yield the expected byproduct 5 according to Fig. 5 . Alternatively, from structure 4, we can react back to the closed-ring structure 6. This requires shortening of the C 1 -C 2 distance, elongating the C 1 -C 2 0 bond, and reforming the C 2 0 -S 0 bond.
As mentioned above a second major path leading from 1 to (by-)products, can be realized by initial cleavage of the C 2 0 -S 0 (rather than C 1 -C 2 ) bond. This is shown in the left branch of Fig. 5 , giving structure 2b. To form 2b, not only C 2 0 -S 0 must be broken but also C 2 needs to break the distorted threemembered ring with the ethene carbon to form another three-membered ring structure with C 1 and C 2 0 . The opened and the central ring are still coplanar to each other. Note that intermediate 2b is the BCH structure shown in Fig. 2 . After this first step the reaction pathway branches similarly to above. On the one hand it is possible to cleave the C 1 -C 2 bond to yield structure 3 as before, with nothing changed but the order of the cleaved bonds. From there we can react further to 4 as before. Again, there is also a direct path from 2b to 4. Along this path the C 1 -C 2 bond is elongated without actually being broken. While energetic aspects will be discussed in more detail in Section 3.3, we already state here that the pathway just mentioned (1 -2b -4 -. . .), involves the structures that are lowest in energy and is thus expected to be the most likely path leading to closed-ring and byproduct structures. We should also like to emphasize a difference between the reaction paths found here (on MP2 single-reference and CASSCF multi-configuration levels of theory), and the one developed by Patel et al. 24 (on single-reference U3BLYP and UM052x levels of theory). According to our study for the most simple dithienylethene, the BCH structure 2b is not a local minimum between closed-ring structure 6 and byproduct 5, as proposed (for a number of dithienylethenes) in ref. 24 : on neither UMP2/6-31G(d) nor CASSCF(10,10)/6-31G(d) levels were we able to locate proper transition states TS 2b5 or TS 2b6 between 2b and 5 or 6, respectively. Instead we find another local minimum 4 in a flat ''plateau region'' of the PES (see below), which then is directly connected to the final products via dyotropic rearrangement (TS 46), or a nearly barrierless C 2 -S 0 bond formation (via TS 45).
A mechanism for byproduct formation
Now we discuss in more detail the byproduct formation pathway starting from the first intermediate 1 in Fig. 5 , that is most likely to occur based on our MEP calculations and energetic arguments. As outlined above, we assume that the photoexcited molecule will relax to the S 1 /S 0 CoIn, from where it proceeds towards product(s) and byproduct. The molecule will carry at least the potential energy corresponding to the S 1 /S 0 CoIn geometry when entering S 0 , and at most the energy gained from optical excitation from S 0 to the bright state S 4 , at the Franck-Condon point corresponding to the closed-ring geometry. Due to thermal relaxation, probably the lower bound is more realistic. Comparing the energy deposited in the molecule to transition barriers in the ground state, will allow us to identify the most probable reactive routes. The energy difference between the closed-ring structure (at its ground state geometry) and the Franck-Condon point for vertical excitation to the optically bright S 4 state is 6.39 eV on the CASPT2(10,10)/6-31G(d)//CASSCF(10,10)/6-31G(d) level of theory. The potential energy at the S 1 /S 0 CoIn is 3.50 eV on the CASPT2(10,10)/6-31G(d)//SA-CASSCF(10,10)/6-31G(d) level. Due to the high excitation level the vertical excitation energy to the S 4 level is likely to be overestimated with our calculation setup, but note that this number is only used as an orientation and that our simulations of the ground and S 1 state can be considered to be significantly more accurate. Nonetheless, the molecule can be expected to roughly contain an internal energy between 3.50 and 6.39 eV when it enters the ground state through the S 1 /S 0 CoIn. These energies need to be compared to those of intermediates and transition states, which are (for all stationary points indicated in Fig. 5 ), listed in Table 1 . In the table, we give energies relative to the most stable species, as obtained with three different methods of gradually increasing sophistication: UMP2/6-31G(d), CASSCF(10,10)/6-31G(d), and CASPT2(10,10)/6-31G(d)//CASSCF(10,10)/6-31G(d). The latter method is expected to be the most reliable, and was already reported in Fig. 5 . It is also the method which should be compared to the energy window between 3.50 eV and 6.39 eV just mentioned. All further statements will refer to this level of theory. We note that the lowest-energy structure is the closedring species 6 for UMP2 and CASPT2 (10, 10) , and 5, the byproduct, is the second-most stable species, about 0.2 eV higher in energy. CASSCF alone (without perturbative corrections), however, predicts 6 to be slightly less stable than 5. Based on the given energies our basic considerations already render the right hand reaction path marked as a in Fig. 5 as very unlikely: transition states TS 12a, TS 2a3 and TS 2a4 are all above 4 eV, the latter two (with 4.67 and 4.75 eV) well above. This has to do with the high energies of species 2a and 3, of 4.05 eV and 4.56 eV, respectively. The barriers along the a path are thus lower than the vertical S 0 -S 4 excitation energy, but higher than the energy of the S 1 /S 0 CoIn. Since the latter is probably the more relevant measure for the available energy, these pathways are unlikely, even more so when compared to paths discussed in the following.
For the same reason the reaction path labeled b that contains structure 3 as an intermediate is also unlikely. This leaves the sub-branch of path b in Fig. 5 , which leads via the local minima 1, 2b and 4 to possible (by-)products 5 and 6, as the most probable one. Along this path all energies for intermediates as well as transition states, are well below 3.50 eV, the S 1 /S 0 CoIn energy. In particular the lowest-energy path towards the byproduct, 1 -2b -4 -5 is promising and will be discussed in further detail below. This path with computed geometries for intermediate minima and connecting transition states is also depicted in Fig. 6 for further illustration.
Accordingly, the pathway presented here starts from structure 1 which contains no spiro-like units but consists of two five-membered rings connected by a three-membered ring including one of the ethene carbon atoms. This structure is a low-energy species, just 0.86 eV above the closed-ring structure 6, and 0.70 eV above the byproduct 5. During the transition between the structures 1 and 2b, the C 2 carbon atom moves below the central ring from a C 0 (ethene carbon)-C 1 -C 2 ring structure to a C 1 -C 2 0 -C 2 ring and the C 2 0 -S bond breaks. The 2b structure (see Fig. 6 ) closely resembles BCH as found by Patel et al. 24 (see also Fig. 2 ). The central ring and the ''loose'' sulfur arm resulting in the cleaved C 2 -S bond are almost coplanar, merely the sulfur atom is pointing out of the plane. The next transition state, TS 2b4 shows the process of ring deformation where the five-membered and three-membered ring merges into a single six-membered ring structure, while the rest of the system becomes more planar. At the end of the transition the local minimum 4 is reached. In its relaxed structure, the sulfur atom of the opened ring points away from the rest of the structure, as shown in Fig. 6 . Structures 2b and 4 have energies of 1.30 eV and 1.88 eV, hence starting from 2b the reaction path enters a rather flat energy landscape with only small barriers in between. Our IRC calculations, though, all lead to the mentioned minima which makes us confident that we found all the relevant ones. From structure 4 two also rather shallow transition states, TS 45 (1.89 eV) and TS 46 (2.32 eV) allow for the formation of the byproduct and the closed-ring isomer, respectively. The higher barrier of 2.32 eV (0.43 eV when starting from 4) towards the more stable closed-ring structure 6 suggests that this is the product of thermodynamic control. The lower barrier of 1.89 eV (0.01 eV when starting from 4) leading to the energetically less preferred byproduct 5, on the other hand, can be considered as the product of kinetic reaction control. Since the system has excess energy from the photo-relaxation process and also due to the shallow barriers, the differentiation between these processes based on static properties alone should be taken with care, however, and none of the pathways can be ruled out.
We also note a feature that could favor the formation of the byproduct which is the orientation of the sulfur arm in structures 2b, TS 2b4, 4 and TS 45. It seems that structures along the way towards the byproduct 5, are all connected by a similar reaction coordinate in the region of the transition states. In a dynamical process with (photochemical) excess energy, one can therefore imagine that the local minimum 4 can be bypassed and the transition from 2b to 5 could proceed in one go via both transition states. To tread the full reaction path including the intermediate minimum 4, the sulfur arm of the formerly cleaved C 2 -S bond has to revert away from and back to the rest of the molecule. The central atom and the conjugated bonds of both ring structures are almost coplanar in both, the TS 45 transition and the final byproduct 5, as all heavy atoms apart from C 2 and C 2 0 are part of the aromatic system.
Summary and conclusions
The ground state reaction pathway of 1,2-bis-(3-thienyl)-ethene leading to the photo-fatigue byproduct via dyotropic rearrangement has been studied. Three computational methods were used in order to verify the existence of local minima and transition states on single-and multi-configuration level with additional multi-referential perturbation theory calculations for energies. The stationary points found define a full reaction pathway which complements the thermal, ground state pathway investigated by Patel et al., 24 and the excited state photo pathway by Mendive-Tapia et al., 20 establishing it as a third possibility to form this detrimental photoproduct. Within this work, an MCPD-type starting structure whose existence has been claimed but not been proven so far was found by minimum energy path calculations starting for the S 1 /S 0 CoIn. We were able to propose multiple pathways open to 1,2-bis-(3-thienyl)-ethene after photo-deexcitation and assessed their likelihood based on energetic arguments. Within our studies we were able to show that it is very well possible that the final ''decision'' of whether the ring-closed isomer or the unwanted byproduct is formed, is only made during the last stages along a prolonged ground state isomerization process. For that reason, the ground state processes cannot be left out of a discussion of the byproduct formation in 1,2-bis-(3-thienyl)-ethene.
Our study of the branching mechanism toward closed-ring and byproduct structure opens up the way to mechanistically driven substitution patterns that might help guiding future experimental and theoretical studies and can help to predict the effect of substitution patterns for this promising class of compounds. In fact, understanding and consequently being able to tailor fatigue resistant switches is a major driving force of our ongoing research.
